Methyl CpG-binding protein 2 (MeCP2) is a transcriptional regulator of gene expression that is critical for normal brain function (Chahrour and Zoghbi 2007; Guy et al. 2011 ). Loss-of-function mutations in MECP2 cause Rett syndrome as well as a spectrum of phenotypes ranging from autism to intellectual disabilities and mood disorders (Amir et al. 1999; Chahrour and Zoghbi 2007) . Duplications and triplications spanning MECP2 also cause progressive neurological disorders characterized by autism, motor abnormalities, and seizures (Van Esch et al. 2005; del Gaudio et al. 2006; Ramocki et al. 2009 ). These findings argue that the levels of MeCP2 must be tightly regulated to ensure normal neurological function. Importantly, it is increasingly clear that maintenance of MeCP2 levels throughout life is critical, as revealed by recent reports demonstrating that inducible adult knockout of Mecp2 recapitulated the germline-null phenotypes (McGraw et al. 2011; Cheval et al. 2012; Nguyen et al. 2012) . In human brains, MeCP2 protein level is repressed during the fetal stages and elevated during postnatal development (Balmer et al. 2003) , which could be critical for the timely regulation of expression of hundreds of downstream genes (Chahrour et al. 2008) . Alternative polyadenylation of MECP2 generates transcripts with differential 39 untranslated region (UTR) length (Coy et al. 1999; Shahbazian et al. 2002) , and interestingly, the repression of MeCP2 production in human fetal brains correlates with the predominant use of the exceptionally long (;8.5-kb) MECP2 39 UTR (Coy et al. 1999; Balmer et al. 2003) . The direct relationship between these two events, however, has never been explained. In cancer cells, oncogenes have long-to-short 39 UTR shifts, which lead to overexpression of oncogene-encoded proteins by escaping the effects of microRNA (miRNA) binding to the 39 UTR (Mayr and Bartel 2009) . Therefore, predominance of the long 39 UTR of MECP2 in human fetal brains could render these transcripts more sensitive to miRNA-mediated repression and thereby keep MeCP2 protein levels low until the proper developmental stage. We hypothesized that there could be fetal brain-enriched miRNAs targeting human MECP2 and that the identification of such miRNAs would provide insight into the regulation of MeCP2 protein levels in human fetal brains.
In this study, we identified miR-483-5p, an intragenic miRNA of the imprinted gene IGF2, as a human-specific regulator of MeCP2 levels. Using fibroblasts from patients with imprinting defects leading to overexpression of miR-483-5p, we demonstrated that the increase in miR-483-5p leads to reduction of MeCP2 levels in human cells. In addition, we showed the enrichment of miR-483-5p in human fetal brains and the inverse correlation between miR-483-5p and MECP2 levels in human brains. We also showed that expression of miR-483-5p in hippocampal neurons rescues the abnormal dendritic spine phenotype caused by overexpression of human MeCP2. Finally, we discovered that miR-483-5p actually regulates the levels of other chromatin remodeling proteins that interact with MeCP2. This study provides interesting insight into the post-transcriptional regulation of MeCP2 and some of its interactors during human brain development.
Results and Discussion
Given the paucity of miRNAs that have been demonstrated to regulate human MECP2 and the fact that none of them are enriched in human fetal brains (Klein et al. 2007; Kuhn et al. 2010) , we sought to identify additional MECP2-regulating miRNAs in the hope of discovering some that might play a critical role during fetal development. To this end, we used a newly developed bioinformatic tool-coexpression meta-analysis of miRNA targets (CoMeTa)-that predicts and ranks human miRNA target mRNAs based on their expression relationships (Gennarino et al. 2012) . CoMeTa predicted six miRNAs for human MECP2 (Fig. 1A) , and we tested the effects of each miRNA on endogenous MeCP2 levels in human medulloblastomaderived DAOY cells. This analysis showed that the topranked miRNA, miR-483-5p, significantly reduced MeCP2 protein levels (Fig. 1B) . Moreover, real-time quantitative RT-PCR (qRT-PCR) using primers against protein-coding exons-thus detecting both MECP2 transcripts with short and long 39 UTRs-showed that miR-483-5p also decreased MECP2 mRNA levels (Fig. 1C) . Consistent with the overexpression results, inhibition of endogenous miR-483-5p increased MeCP2 protein levels in DAOY cells (Fig. 1D) . Furthermore, miR-483-5p decreased the luciferase activity of a construct containing most of the human MECP2 long 39 UTR (1-7293), suggesting that the 39 UTR is responsible for the down-regulation of MECP2 levels (Fig. 1E) .
We identified two putative miR-483-5p-binding sites (413-420 and 4090-4097) in the long 39 UTR of human MECP2 ( Fig. 2A) . To test which putative miR-483-5p-binding site is authentic, we performed additional luciferase assays in HEK293T cells, which showed that mutagenesis of the second binding site (4090-4097), but not the first site (413-420), affected the efficiency of the down-regulation of luciferase activity by miR-483-5p (Fig. 2B ). This suggests that only the second site (4090-4097) is a functional target site for miR-483-5p. Since this functional target site (4090-4097) is located outside the length of the short 39 UTR (132 nucleotides [nt]) ( Fig. 2A) , we reasoned that miR-483-5p should regulate specifically the long, but not the short, 39 UTR of MECP2. To validate this, we designed two additional sets of primers for qRT-PCR. One selectively detects the long 39 UTR, and the other recognizes both short and long 39 UTRs (thus total) of MECP2 ( Fig. 2A) . It was impossible to design primers that detect only the short 39 UTR, since the long 39 UTR contains the same sequence of short 39 UTR. Consistent with the previous result (Fig. 1C) , MECP2 mRNA levels measured by both primer sets were decreased by miR-483-5p expression in DAOY cells (Fig. 2C) . Notably, the fold changes measured by each primer set were very similar (long 39 UTR, 0.56; total MECP2, 0.62), suggesting that the decrease of the long 39 UTR accounts for the change in the total MECP2 level. These results support that miR-483-5p regulates specifically the long 39 UTR of MECP2.
To test our initial hypothesis that the long 39 UTR is more sensitive to miRNA-mediated down-regulation and thereby is causally associated with lower MeCP2 levels, we compared luciferase activity of constructs with either long (1-7293) or short (1-1600) human MECP2 39 UTR in DAOY cells. The luciferase activity associated with the long 39 UTR was significantly lower than that of the short form, and expression of miR-483-5p further decreased the activity of the long, but not the short, 39 UTR ( Fig. 2D ), which confirms the specific effect of miR-483-5p on the long 39 UTR of MECP2.
Unlike most known and functionally established miRNAbinding sites, the miR-483-5p-binding site (4090-4097) in the human MECP2 39 UTR is not evolutionarily conserved, while the seed sequence of miR-483-5p itself is conserved from mice to humans (Fig. 2E,F) . Consistent with this finding, miR-483-5p reduced endogenous MeCP2 levels only in human SK-N-SH cells but not in mouse Neuro2a cells (Fig. 2G) . The relative expression level of the MECP2 long 39 UTR (long 39 UTR/total MECP2) was similar in SK-N-SH and Neuro2a cells (Fig. 2H ), suggesting that the minimal effect of miR-483-5p on MeCP2 levels in Neuro2a cells was not due to the lower expression of long 39 UTR of MeCP2 but to the lack of miR-483-5p-binding sequence in the MeCP2 long 39 UTR. Interestingly, the miR-483-5p-binding site is conserved in the Denisovan, a Paleolithic species of human family (Meyer et al. 2012) , but not in the chimpanzee MECP2 gene, which differs by 1 nt in the binding region (Fig. 2I ). This single-nucleotide change blocked the ability of miR-483-5p to down-regulate MeCP2 levels ( Fig. 2I) , suggesting that the miR-483-5p-mediated regulation of MeCP2 levels is indeed human-specific. We also found that miR-483-5p was more effective in down-regulating human MeCP2 levels than miR-132 and miR-155, the two known miRNAs targeting MECP2 mRNA through evolutionarily conserved binding sites ( Fig. 2J ; Klein et al. 2007; Kuhn et al. 2010) .
miR-483-5p is located in the second intron of IGF2, and the level of miR-483-5p correlates with IGF2 expression (Ma et al. 2011) . IGF2 is an imprinted gene that is expressed almost exclusively from the paternal allele in many tissues. Misregulation of imprinting on the maternal IGF2 allele can activate IGF2 transcription from the maternal allele, causing Beckwith-Wiedemann Syndrome (BWS; Online Mendelian Inheritance in Man [OMIM] 130650) (Weksberg et al. 2010) . To confirm the negative regulation of MeCP2 by miR-483-5p, we analyzed human fibroblasts from BWS patients carrying an epimutation (gain of methylation) at the imprinting control region 1 (ICR1) that results in biallelic IGF2 expression. We found that IGF2 and miR-483-5p levels were increased, while MeCP2 protein levels were decreased in the BWS fibroblasts (Fig. 3A,B) . Notably, miR-483-5p and MeCP2 pro- tein levels were inversely correlated in each control/BWS pair (Fig. 3B) .
Given that IGF2 is a growth factor that is highly expressed in fetal life (Gicquel and Le Bouc 2006) , miR-483-5p could be the miRNA repressing MECP2 expression in human fetal brains. To test this hypothesis, we measured the levels of miR-483-5p and miR-132 (Klein et al. 2007 ) in different human cortex samples obtained at fetal and postnatal stages. Interestingly, those two miRNAs showed differential expression depending on the developmental stage. While miR-132 was increased in postnatal stages, miR-483-5p was enriched in fetal brains then down-regulated postnatally (Fig. 3C) . Consistent with this observation, the levels of miR-483-5p inversely correlated with MECP2 levels in human cortex, whereas the levels of miR-132 did not (Fig. 3D,E) . These results suggest that miR-483-5p could be important in repressing MeCP2 levels, especially during fetal stages, while miR-132 could function in fine-tuning MeCP2 levels during postnatal stages (Klein et al. 2007 ). We also measured the levels of miR-483-3p, the opposite strand miRNA generated from the same precursor miRNA of miR-483-5p. Interestingly, in contrast to miR-483-5p, the expression of miR-483-3p was increased in postnatal stages, suggesting that these two miRNAs are differentially expressed at least in developing human brains (Supplemental Fig.  1A,B) . Moreover, in luciferase assays, miR-483-3p did not change the activity of a construct with the MECP2 long 39 UTR (Supplemental Fig. 1C ), suggesting that miR-483-5p is the only miRNA regulating MECP2 levels expressed from the IGF2 locus.
In cultured mouse hippocampal neurons, miR-483-5p reduced the luciferase activity of a construct with the human MECP2 39 UTR, suggesting that miR-483-5p could target human MECP2 in neurons (Supplemental Fig. 2A ). We also cultured hippocampal neurons from MECP2 transgenic mice (Tg1) that express, in addition to the endogenous mouse Mecp2, the human MECP2 (Collins et al. 2004 ) with the long 39 UTR, including the functional miR-483-5p-binding site (4090-4097) (Supplemental Fig. 2B ,C). As described previously (Collins et al. Cold Spring Harbor Laboratory Press on May 23, 2017 -Published by genesdev.cshlp.org Downloaded from 2004), the MeCP2 protein level was about twofold higher in Tg1 neurons compared with wild-type neurons (Fig. 4A) . In the Tg1 neurons, expression of miR-483-5p restored MeCP2 to the wild-type level and rescued abnormal dendritic spine phenotype ( Fig. 4A,B; Supplemental Fig. 2D ). However, miR-483-5p did not affect either MeCP2 levels or dendritic spines in wild-type mouse neurons, confirming its specificity to human MECP2 (Fig. 4A,B) .
A single miRNA or group of miRNAs can regulate a specific biological pathway by modulating the expression of various proteins participating in the same pathway (Gennarino et al. 2012 ). To understand the major functional pathway regulated by miR-483-5p, we ran cooperational level (COOL) analysis (Gennarino et al. 2012) followed by gene ontology (GO) analysis for miR-483-5p. COOL analysis clusters the putative targets of specific miRNA based on the highest degree of coexpression (Gennarino et al. 2012) . Interestingly, the COOL and GO analysis for miR-483-5p showed enrichment of chromatinrelated functions ( Fig. 5A ; Supplemental Table 1), which is reminiscent of the function of MeCP2 itself (Nan et al. 1997; Jones et al. 1998) . To identify authentic miR-483-5p targets among the genes in those biological categories, we initially screened the effect of miR-483-5p overexpression on the levels of the putative targets using qRT-PCR in DAOY cells (data not shown). Those genes with a >25% decrease in levels were further validated with inhibitor of miR-483-5p and si-MECP2 (Fig. 5B) . Through this approach, we found that human CNOT6, MAML1, RBM14, HDAC4, and TBL1X could be additional targets of miR-483-5p (Fig. 5B) . To test whether miR-483-5p directly binds to the 39 UTRs of the five genes, we performed luciferase assays. miR-483-5p decreased the activities of luciferase reporters fused to the wild-type, but not the binding site mutant, 39 UTR ( Fig. 5C; Supplemental Fig. 3 ). These results suggest that, in addition to MECP2, those five genes are directly regulated by miR-483-5p.
Next, we tried to further understand the functional relationship among the authentic miR-483-5p targets. Since protein interaction could reveal the direct functional relationships, we searched a database (Ingenuity Pathway Analysis) to find any protein interaction among CNOT6, MAML1, RBM14, HDAC4, TBL1X, and MeCP2. This analysis revealed the interactions among MeCP2, HDAC4, and TBL1X, which are mediated by corepressor complexes (Fig. 5D ). We could not find any interaction with CNOT6, MAML1, and RBM14. MeCP2-dependent regulation of gene expression involves recruitment of corepressors such as NCoR and SIN3A to the MeCP2-bound genomic locus (Guy et al. 2011) . Indeed, HDAC4 directly interacts with these corepressors, and TBL1X is a subunit of the NCoR/SMRT corepressor complex (Fischle et al. 2002; Yoon et al. 2003) , suggesting their functional association with MeCP2. Accordingly, we further characterized the relationship between miR-483-5p and expression of HDAC4 and TBL1X. We found that miR-483-5p modulates HDAC4 and TBL1X protein levels in DAOY cells (Fig. 5E) . Consistently, their protein levels were also decreased in BWS fibroblasts (Fig. 5F ). Finally, similar to MECP2, both HDAC4 and TBL1X levels were inversely correlated with miR-483-5p in human brain samples (Fig.  5G,H) . Together, these results suggest that miR-483-5p can regulate the abundance of MeCP2 and MeCP2-interacting corepressor complexes in human fetal brains (Fig. 5D) .
Interestingly, we found that the miR-483-5p-binding sites in the 39 UTRs of human CNOT6, MAML1, RBM14, HDAC4, and TBL1X are conserved only in primates but not in rodents (Supplemental Fig. 3) , which is reminiscent of the human-specific binding site in the MECP2 long 39 UTR. This finding prompted us to analyze the conservation of miR-483-5p-binding sites in a large number of putative targets to help us understand the conserved or species-specific function of miR-483-5p. We analyzed the conservation of 223 miR-483-5p-binding sites in the 39 UTRs of 169 putative target genes predicted by CoMeTa (see the Supplemental Material for details). Interestingly, only ;5% (12 out of 223) of the binding sites in nine genes (NRXN3, ELK1, HOXC11, SAMD4A, PRPF4B, FHL1, TYRO3, CFLAR, and KIAA0913) were conserved from humans to rodents (Supplemental Fig. 4A ,B; Supplemental Table 2 ). In contrast to the primate-specific putative targets of miR-483-5p (;95% of putative targets), GO analysis of the nine genes with conserved binding sites from humans to rodents revealed other functional categories that are not enriched for chromatin-related functions (Supplemental Fig. 5A,B) .
In spite of the well-established fact that precise MeCP2 levels are critical for normal brain function (Chao and Zoghbi 2012) , the molecular mechanism underlying MeCP2 level regulation is poorly understood. miRNA-mediated regulation has been considered one of the potential mechanisms based on the exceptionally long MECP2 39 UTR and broad implications of miRNAs in many biological processes, including neuronal development and function (Kosik 2006; Saba and Schratt 2010) . Therefore, identification of miR-483-5p provides important evidence supporting the critical role of miRNAs for regulating MeCP2 levels. MeCP2 levels are regulated spatiotemporally in human brains. Each cell type requires a specific level of MeCP2, which gradually increases throughout development (Shahbazian et al. 2002; Samaco et al. 2004) . Considering this complexity, there could be multiple regulatory components of MeCP2, and those components should function coordinately to control MeCP2 levels precisely. In this study, we showed that miR-483-5p and miR-132 are differentially expressed in human fetal and postnatal brains. MeCP2 levels are repressed during the fetal stage, at which time the expression of miR-483-5p is high. As brain and synaptic connections are mature and MeCP2 levels become relatively stable, miR-132, which is expressed in mature neurons, could fine-tune MeCP2 levels in an activitydependent manner (Klein et al. 2007; Nudelman et al. 2010) .
To our knowledge, miR-483-5p is the first example of a human-specific regulator of MeCP2 levels. We clearly demonstrate the human specificity of miR-483-5p using MECP2 Tg1 neurons as well as luciferase assays. Although the human-specific interaction between miR-483-5p and the MECP2 39 UTR was unexpected, our additional data shed some light on this and support the significance of the interaction. First, miR-483-5p is enriched in human fetal brains as compared with postnatal brains, and this expression pattern matches with the predominant use of the MECP2 long 39 UTR, the target of miR-483-5p. To date, there has been no insight into why human fetal brains predominantly express the long 39 UTR of MECP2 and how it correlates with low levels of MeCP2 proteins during fetal development. The identification of miR-483-5p helps shed light on this process. Consistent with the biological relevance of our finding, we discovered and verified additional targets of miR-483-5p (HDAC4 and TBL1X) that function in the MeCP2-interacting corepressor complexes. Altogether, this supports the role of miR-483-5p in regulating MeCP2 function. Notably, the miR-483-5p-binding sites in the 39 UTR of human HDAC4 and TBL1X are conserved only in primates.
It is also notable that miR-483-5p is an intragenic miRNA residing in an imprinted gene, IGF2. Indeed, we demonstrated that miR-483-5p levels were increased, while MeCP2 levels were down-regulated in the BWS human fibroblasts. Based on this finding, our study may potentially link some human phenotypes associated with abnormal imprinting (BWS) and a mild decrease in MeCP2 levels. Interestingly, a higher prevalence of autism spectrum disorders in BWS patients has been reported (Kent et al. 2008) .
Our study suggests that human fetal brains coordinately express the two regulatory components of MECP2-the long 39 UTR and miR-483-5p-to repress its levels until proper maturation of the brain. Identification of such an exquisite mechanism of regulation of a protein and its cofactors and revealing that this mechanism is limited to higher primates underscore the importance of tightly controlling MeCP2 levels in human brains throughout their lifetime.
Materials and methods

Real-time qRT-PCR
DAOY cells in six-well plates were transfected with 70 pmol of miRNA duplex or siRNA or 200 pmol of miRNA hairpin inhibitor using a Dharmafect reagent. After 2 d, total RNA was extracted using a miRNeasy minikit (Qiagen), and 1 mg of total RNA was used to synthesize cDNA by Quantitect reverse transcription kit (Qiagen). The same protocol was applied to the human fibroblasts. For human brains, total RNA was extracted from ;50 mg of each sample, and cDNA was synthesized as DAOY cells. Mature miR-483-5p, miR-483-3p, and miR-132 were detected using TaqMan miRNA assays (Applied Biosystems). The primers used in qRT-PCR reactions are described in the Supplemental Material.
Other information on materials and methods is described in the Supplemental Material. In all experiments, cel-miR-67 was used as a transfection control. (*) P < 0.05; (**) P < 0.01.
